The total charge density of PYRAC, a polar (Pca21) organic racemate with Z' = 2 was derived from high-resolution single-crystal X-ray diffraction data at T = 100(2) K and periodic DFT calculations.
Introduction
It is well known that several bulk properties of crystalline compounds rely on symmetry at atomic, molecular and supramolecular levels. Symmetry is perhaps the most fundamental property of matter, 1 as it sets up exact requirements that any observable quantity must fulfil. 2 Several physical effects that raise interest in cutting-edge research fields, such as the design of smart materials and advanced sensors, depend on the (strong) anisotropic coupling among crystal lattice, electron polarizability and an external field producing mechanical, thermal or electromagnetic stress. 'Anisotropic' is the key term in this context: for example piezoelectricity, 3 pyroelectricity 4 and second-harmonic generation 5 cannot manifest in substances with centrosymmetric crystallographic point groups, as in these latter any externally triggered mechnical or electric distortion would be counteracted by an equal and opposite structural or electronic response.
Therefore, it is not surprising that lacking of inversion symmetry is the first and most striking requirement sought for in designing several types of advanced materials, although symmetry axes and planes may also play a decisive role. 2 For example, a unique axis compatible with a nonvanishing first momentum of the charge density distribution in the whole unit cell is mandatory for pyroelectricity. An acentric space group where such an axis exists is called 'polar'. For a crystal structure to be truly polar, however, a non-vanishing electric dipole moment directed along that axis is also required. 6 Predicting and hopefully controlling crystal symmetry in dependence of specific synthetic conditions is one of the main tasks of modern direct 7 and reverse 8 crystal engineering. A great deal of effort has been spent in the last decade on this topic, 9 with major focus on molecular crystals. 10 Nevertheless, it is still virtually impossible to know in advance which space group, or even which crystal system a new molecular compound will exploit in the solid state. The problem is discouragingly intricate, as crystal nucleation and growth kinetics are as important as thermodynamics in governing the crystallization process, 11 and there is no way to know from the molecular structure alone whether a kinetic polymorph will be also thermodynamically favoured or not.
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A further level of complexity arises when conformational differences occur in the solid with respect to isolated molecules. Crystal structures of flexible molecules are still not predictable from scratch, even though in the most recent 'blind test' 13 two groups out of a total of 14 found the correct structure of a medium-size benzylcarbamate derivative with high torsional freedom. The successful predictions yet made still use of database-stored information. In this respect, single-crystal X-ray diffraction analysis of complex systems represents a valuable and complementary approach to computer simulations 14 if specimens of sufficient quality are available. 15 
Scheme 1
In this work, we report on the experimental and theoretical study of a racemic aminoacid pyrazolidine derivative (hereinafter PYRAC, C16H21N3O5), 3-pyrazolidineacetic acid, 2-ethyl-5-oxo-α-[[(phenylmethoxy)carbonyl]amino]-methyl ester, (αR,3S)-rel, a synthesis intermediate of promising cytidine triphosphate (CTP) synthetase inhibitors against the African Trypanosomiasis. 16 PYRAC (Scheme 1) crystallizes in the acentric polar space group Pca21 (n°29) with 8 formulae in cell. In fact, its asymmetric unit contains a couple of hydrogen-bonded enantiomers in distinct conformations. 16 This is not surprising per se, as non-centrosymmetric racemates are not rare. Out of a sample of 5560 unique centrosymmetric organic structures stored in the Cambridge Structural Database (CSD), 17, 18 Dalhus & Görbitz estimate 19 that 23 % are racemates. Their occurrence falls to 16 .5% in a sample of 3819 mirror-symmetric acentric space groups. Conversely, chiral space groups are hardly preferred in racemates, and -apart very few exceptions 19, 20 -one anticipates inversion and/or reflection elements to be present for pairs of opposite enantiomers. However, the question on what factors influence the probability of inversion symmetry to occur remains open. When spontaneous resolution 21 does not take place, there are no obvious explanations of why a noncentrosymmetric or even a chiral lattice framework comes out from a racemic mixture. The reason may be thermodynamic, or kinetic, or both, and ultimately depends on how individual conformers recognize each other in the very first stages of the nucleation process. In this context, joint theoretical first-principle and experimental studies are becoming increasingly popular 22 for accurate intermolecular (self)-recognition studies in the solid state.
Our present work is aimed at providing a rationale for the relative stability of the observed crystal phase with respect to stable and close-packed centric competing structures, so to get a model able to justify the lack of inversion symmetry in PYRAC. To this end, from accurate single-crystal X-ray diffraction experiments at T = 100 K, we derived the total charge density of PYRAC and its crystal cohesive energy. Experimental outcomes were complemented by DFT simulations in vacuo and in the bulk, as well as by Hirshfeld surface analysis and force-field based calculations. PYRAC is also a good test case to look at how high conformational flexibility can result in different accessible classes of intermolecular interaction patterns. We thus explored the kinetics of the pseudorotatory path among the experimentally detected conformations by DFT simulations on the in vacuo Born-Oppenheimer surface. The focus here is on the thermodynamics and kinetics of the isolated system, upon which the self-recognition mechanism of PYRAC must rely. Inclusion of solvent effects is delayed to forthcoming studies. Figure 1 . Colour online. Asymmetric unit (ASU) of PYRAC at T = 100(2) K, with the atom numbering scheme. Thermal ellipsoids are drawn at the 50 % probability level and intermolecular cyclic NH···O hydrogen bonds are highlighted as purple dotted lines. In this picture, A and B correspond to C3A(R), C6A(S) and C3B(S), C6B(R) absolute configurations. Inset: crystal employed in the present diffraction analysis. The sample is ≈ 550 µm long. All the molecular pictures in this work were realized with Diamond v.3.2i, K. Brandenburg, © 1997-2012 Crystal Impact GbR, Bonn, Germany.
Materials and Methods.
2.1 X-ray diffraction and experimental charge density. PYRAC (Figure 1 ) was synthesized as described elsewhere. 16 Large and well-formed crystals appeared directly after resting the reaction liquor overnight at RT from a 1:1 mixture of ethyl acetate/hexane. 23 The pure compound was kept in the dark in a refrigerator at T = 4 ºC for ≈ 2.5 months. Nine specimens, sampled from different zones of the glass tube (including its walls), were tested at the diffractometer until a charge-density grade 15 crystal was found. Neither other crystal forms were found in the original batch of material by powder diffraction methods (Section S1 of the Supporting Information, SI), nor solid-solid phase transitions were detected in the whole T range explored up to the melting point (≈ 92 ºC). Slow cooling (1°C/min) of the melt resulted in a glassy state (see Section S4, SI). The ASU consists of a pair of conformationally different enantiomers, hereinafter labelled as 'A' and 'Bi' (see below), with the 'i' subscript denoting their opposite chirality. X-ray diffraction data were collected at T = 100(2) K using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at a nominal source power of 50 kV x 30 mA on a three-circle Bruker SMART APEX II goniometer equipped with a CCD area detector and an Oxford Cryosystems N2 gas blower. The SAINT 24 program package was employed to perform integration and preliminary data reduction, whereas beam anisotropy corrections and final scaling were applied by SADABS 25 and XPREP. 26 The final dataset was ≈ 99% complete up to the maximum resolution of 1.0 Å -1 in sinϑ/λ ( Table 1 ).
The static experimental charge density (ρEXP) was extracted from the observed structure factor squared amplitudes (Fexp 2 ) at T = 100 K through the Hansen-Coppens multipole formalism 27 as implemented in the XD2006 software package. 28 Relevant refinement details and agreement statistics can be found in Unique theoretical structure factor amplitudes with the same indices as the measured data were also computed. They were employed to derive a multipole-projected electron density distribution, ρTHEO, fully consistent with the ρEXP one in terms of considered structure factors and multipole model expansion. Full technical details are reported in Section S3, SI. 
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Results and discussion.
The paper is organized as follows. First, the experimental packing of PYRAC is described (Section 3.1). Then, a plausible mechanism for the molecular self-recognition in vacuo is elucidated (Section 3.2) and possibly competing centrosymmetric polymorphs of PYRAC are looked for through first-principle simulations (Section 3.3). Conclusions are drawn in Section 4. The two N1-H⋅⋅⋅O1 bonds forming the cyclic HB pattern (Figures 1, 2) are very similar in terms of geometrical and topological descriptors, though they are not symmetry-related. One could explain such similarity in terms of a pseudo-inversion operator, e.g. located at the geometric centre of the hydrogen-bonded 8-membered ring, [-N1A-HN1A⋅⋅⋅O1B-C1B-N1B-HN1B⋅⋅⋅O1A-C1A-].
Crystal packing in PYRAC
However, deviations from Ci symmetry are significant within the ABi adduct (see Section S5, SI).
The symmetry breaking in the zone of the pyrazolidinone rings is due to the mutual orientation of the two molecules, as facing amide groups are not coplanar. The planes passing through atoms H1-N1-C1-O1 in A and B molecules are tilted by 36.31(3)° with respect to each other. This is not due to conformational differences, as their 5-membered rings are almost identical (see Sections 3.2.1, and S5, SI). Rather, the ASU adopts an asymmetric configuration as a whole: no obvious pseudoinversion operators can be recognized, not even correlating pyrazolidinone groups. This implies that the similarity showed by the N1-H1⋅⋅⋅O4 HBs has a purely chemical origin, i.e. it is due to the similarity, in terms of bond geometries and hybridization states, of the interacting amide groups.
Significant differences become instead evident when the N3-H⋅⋅⋅O4 bonds are compared (Table 2) , as the N3A-HN3A⋅⋅⋅O4B HB is clearly weaker than its N3B-HN3B⋅⋅⋅O4A analogue. This is due to a less favourable geometry of the first HB, because of the conformationally-driven differences in the mutual orientation of the N3 donor and O4 acceptor atoms in the A and B enantiomers (see Section 3.2.1 below).
These packing motifs are consistent with a truly polar crystal structure. Overall, the total in-cell dipole module amounts to 7.1 D. where more than one formula unit is present in the ASU. 14,39b Figure 3. Colour online. Hirshfeld surface fingerprint plots of the nearest internal distance (di) versus the nearest external distance (de) for the two independent conformers A (left) and B (right) of PYRAC at T = 100 K. The colours represent the number of points which share the same di, de coordinate (light blue: many; dark blue: few). The graphics were produced using Crystal Explorer v2.1. at minimum di+de ≈ 2.5-2.7 Å are evident in both the plots. These wings indicate C-H⋅⋅⋅π interactions that typically appear when an H-bearing terminal group is oriented so that it is roughly equidistant from a planar hydrocarbon ring.
Hirshfeld surface fingerprint plots.
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As for the present case, the A phenyl can accept a C-H⋅⋅⋅π contact from the H3B tertiary hydrogen, that is roughly equidistant from the C11A-C16A carbon atoms (<dH3B···C> = 2.88(9) Å). The phenyl group of the B conformer, on the other hand, is a less efficient acceptor, as the analogue C3A-H3A⋅⋅⋅π interaction has a more unfavourable geometry, with uneven and, on average, longer H⋅⋅⋅C distances (<dH3A···C> = 3.2(2) Å; Figure S14 , SI). 
Conformers present in the solid state.
The PYRAC hydrocarbon backbone is dominated by σ-bonds. Therefore, this compound has a significant conformational flexibility that leads to important conformational differences between the A and B molecules, contributing to avert the ASU to be centrosymmetric (see Section 3.1.1 above). Figure 4 shows the main differences between two homochiral C3(S), C6(R) conformers once superimposing the two carbammate moieties, sited near the respective centres of mass. 
DFT conformational dynamics.
To gain insights into the formation of the ABi building block, it is instructive to explore the pseudorotatory path for the A ↔ B interconversion in vacuo (Section 2.4 above and S6, SI). We found that the A ↔ B interconversion takes place through a couple of competing reaction paths. Both of them occur in two steps and involve two new stable minima, not present in the crystal (hereinafter, 'G' and 'M'). Figure 5 shows the energy profile for the A ↔ B reaction through the various stationary points it crosses. The key substituents involved in the main conformational changes are just the benzyl and the methylester (see also Sections S5 and S6, SI). Both these groups can rotate around a specific σ-bond, i.e. O5-C10 (benzyl) and C6-C7 (ester).
The rotation of the aromatic system is almost free, with the corresponding ≈90° wide sweeping being associated to very small activation barriers (TS1 and TS4). The rotation of the methylester group is instead more difficult, as it proceeds through the high energy transition states TS2 and TS3.
If the benzyl group rearranges first, the A ↔ M ↔ B path is followed: the first elementary act implies evolution into the transition state TS1, that is similar to the starting point A apart a ≈ 90° rotation of the benzyl itself ( Figure S11a, SI) . ) at the B3LYP 6-311G(d,p) level of theory vs. the reaction coordinate, taking the energy of the most stable A conformer as reference. All the geometries were fully optimized and corrections for zero-point energy were taken into account. Top: backbone structures (no hydrogen atoms shown) of stable conformers and transition state (TS) geometries. Shorter arrows correspond to slower elementary acts.
Then, PYRAC falls into the high-energy M minimum: now the benzyl is oriented as in the final B state, while the methylester chain is kept essentially unchanged with respect to the starting stationary point (see also Figure S10d , SI). The second act starts with a more difficult 90° rotation of the methylester chain around the C6-C7 bond, until the late transition state TS2 is reached ( Figure S11b, SI) . Eventually, the rotation of the ester group is completed and TS2 evolves into the B conformer.
As for the second available reaction path, it proceeds through the G intermediate following the A ↔ G ↔ B mechanism. The latter is equivalent to the A ↔ M ↔ B one, but the order of the conformational changes above described is now reversed. Table 3 . Kinetic constants at T = 298 K for the elementary acts involved in the A↔B interconversion mechanism, as estimated from quantum mechanical simulations in vacuo at the B3LYP 6-311G(p,d) level of theory. For each step, the height of the potential barrier is also shown. This implies that the slow step is associated to the early transition state, not to the late one.
Accordingly, the intermediate stationary points G and M differ from each other from the mutual orientation of both the ester and the benzyl groups ( Figure S12 , SI). Table 3 shows the kinetic constants at T = 298 K for the various elementary acts described above and computed from the Eyring equation. As expected on the basis of the energy profile in Figure 5 , the constants associated to the rotation of the methylester, k±1, k±4, are from one to two orders of magnitude greater than those of the motion of the benzyl, k±2, k±3. In any case, the overall process tends to be directed towards the most stable product, A, as the reverse reactions always have at least twice as large kinetic constants than the corresponding direct reactions.
Competing synthons.
We focus here just on fully centrosymmetric possible synthons equimolar quantity of PYRAC enantiomers is obtained. Therefore, the probability that two specific heterochiral conformers X and Yi will interact is given by the product of the corresponding population probabilities (Y may be equal to X or not, Figure 7a ). Degeneracy must also be taken into account, as a XYi adduct is energetically equivalent to its enantiomer XiY.
The most populated A conformer dominates the meeting process, as A-containing pairs occur more frequently. However, the interaction probabilities shown in Figure 7a are computed from a purely stochastic perspective, i.e. they measure the likelihood two different heterochiral conformers meet each other in the liquor. Further scaling factors should be taken into account to model the 'effectiveness' of each collision to produce both a kinetically and thermodynamically stable adduct. Reorientation of the conformers taken as rigid bodies, together with internal relaxation of individual molecules, might have a not-negligible influence on the probability that a specific self-recognition process be effectively observed. In this context, it is reasonable to rescale the crude meeting probabilities 46 shown in Figure   7a by means of the relative stabilities of the corresponding molecular pairs, for example by taking the most stable BBi one as a reference (Figures 6 and 7b) . 47 In this way, the various adducts can be ranked (purple bars in Figure 7b ) as a function of their propensities to act as effective synthons. The higher the final score, the greater will be the likelihood that the corresponding synthon will form frequently enough and be stable enough to start growing a crystal embryo before being destroyed by In summary, the likelihood of specific intermolecular recognition processes in the very first stages of the nucleation process is influenced by various factors, such as the relative stability of the accessible conformers and the populations of the corresponding stationary points on the PES, including those of the high-energy ones that are crossed during the A ↔ B interconversion path. As a consequence, looking just at the relative stabilities of possible competing synthons to determine which pair will eventually prevail in the solid state is not sufficient. On the other hand, knowledge of the conformational space allows for predicting, at least in principle, how the whole recognition process will be influenced upon changing some of the boundary conditions of the liquor. For example, in the present case, it is reasonable that a decrease of T should hamper the formation of the ABi synthon by further depopulating the high-energy B minimum, so favouring the formation of AAi pairs.
Centrosymmetric PYRAC polymorphs?
3.3.1 Looking for competing centrosymmetric polymorphs. Errore. Il segnalibro non è definito. What structure will be eventually observed depends on the often quite subtle interplay among various classes of non-covalent interactions that are set up in the crystal, such as the HBs, the van der Waals-like or the electrostatics interactions and the onset of Pauli repulsions. 48 To understand why a non-centrosymmetric synthon, and a fortiori a non-centrosymmetric structure, is ultimately preferred in PYRAC over alternative centrosymmetric synthons, one has to explore hypothetical centrosymmetric polymorphs that employ Ci XXi (X=A, M, G, B) rather than the C1 ABi building blocks. To this end, translational symmetry was applied to the in vacuo optimized adducts discussed in the previous Section (Figure 6 ) by means of the Clpoly program in the CLP package 33 (see Section 2.3 above). Figure 8 shows the best results so obtained, in terms of lattice cohesive energies and crystal density. The corresponding numerical entries, together with the refined unit cells and individual energy contributions, can be found in Table S6 , SI. Figure 8 . Colour online. CLP lattice energies, Elatt, vs. the crystal density, as evaluated for various PYRAC polymorphs. A yellow circle highlights the polar non-centrosymmetric Pca21 structure at the 100 K X-ray geometry, while a red circle encompasses the same structure after optimization. The blue box encloses structures with packing coefficient 0.6 < Cpack < 0.7, comparable to that found experimentally (Cpack = 0.7).
Several stable structures were found in space groups P21/c, P1 and Pbca, while the C2/c group provided inefficient packing hypotheses, with an average packing coefficient 10b <Cpack> = 0.41(4). In general, the more favourable is the lattice energy, the higher the density of the corresponding crystal. However, just three structures (enclosed in a blue rectangle in Figure 8 ) have Cpack > 0.6 that can be considered as the lower limit for the packing efficiency observed in most organic crystals. These forms derive exclusively from synthons of the AAi type (Figure 6) , not from the most stable BBi adduct (full purple triangles in Figure 8 ). They are also comparable in terms of lattice energies, densities and Cpack's with respect to the experimental Pca21 crystal (yellow circle in the Figure) , even though the latter shows a higher lattice stability. This is even more evident if the Pca21 structure is made fully comparable with the simulated centrosymmetric ones upon relaxing its lattice parameters and the ASU orientation through the CLP force field (red circle in Figure 8 ).
Full-electron periodic quantum mechanical optimizations at the B3LYP 6-31G(p,d) theory level were performed for both the experimental structure and those forms with Cpack > 0.6. Then, the total crystal cohesive energies, Ecoh, of the fully relaxed structures can be computed through
where Ebulk is the total electron energy of the unit cell, Eiso(i) is the energy of each ith isolated molecule at its solid-state conformation, Erel(i) is the relaxation energy (it is a negative term accounting for the difference between the energies of a single molecule, relaxed in vacuo, and of the same molecule at the solid-state relaxed geometry) and EBSSE(i) is the correction for basis-set superposition error. Summations run over the content of the unit cell.
From Table 4 , it is clear that the most stable structure at T = 0 K is invariably the polar Pca21 one. The latter is predicted to be less dense than the phase experimentally found at finite temperature. This is due to a ≈ 5 % increase in length of the three cell axes and is the consequence of neglecting dispersive (attractive) interactions by ground-state DFT methods. 49 
Similar results
were also found when organic crystals were simulated within the DFT GGA approximation. 50 3314 In any case, the present calculations are just approximations of the true thermodynamic crystal stability 51 and clearly do not claim to accurately reproduce the experimental structure. Such a task would require a finite-temperature modeling of the electronic and phononic structures of both the hypothetic and real crystal forms, in tandem with post-DFT quantum methods. Nonetheless, our calculations represent a convenient tool for ranking the energies of the polymorphs on a relative scale. In this respect, the P1 form turns out to be the least stable one once that all the corrective terms are applied. This is due to the unfavourable Erel and EBSSE terms, which are both significantly greater in this than in the P21/c structures. The BSSE correction depends on the final relaxed geometry of the whole structure and more closely packed arrangements usually imply higher BSSE correction terms. The relaxation energy, on the other hand, allows for estimating the importance of the crystal field in forcing the molecular backbone to assume a high-energy geometry. While A and B molecules within the Pca21 structure are already close to their gas-phase minima ( Figure S16, SI) , the A conformers of the other polymorphs are subject to larger rearrangements in the pyrazolidinone region when they are optimized in vacuo at B3LYP 6-31G(p,d) level of theory. . For each structure, this limit was set by looking for the distance above which the BSSE correction was constant.
As expected (see Sections S5 and S6, SI), the benzyl group is relatively free to rotate: for example, in the P1 simulated polymorph a ≈ 17º wide rotation occurs around the C10-O5 bond with respect to the in vacuo arrangement.
It is also worth noting that the Pca21 optimized structure resembles the experimental one.
Again, the major changes in the A and B conformers in the two crystalline phases involve small adjustments, not exceeding ≈ 10-15°, of the torsion angle τ(C11-C10-O5-C9) describing the orientation of the benzyl system with respect to the carbammate moiety. These differences do not qualitatively influence the main HB patterns found by the X-ray analysis (see Figure 2 and Tables   S3 and S4, contacts lowering to 1.89 and 1.86 Å in the relaxed structure compared to 1.90 and 1.89 Å in the experimental one. These differences are, however, partly due to the increased cell edge lengths in the DFT-optimized lattice. Anyhow, the high stability of the non-centrosymmetric Pca21 polymorph implies that a strong thermodynamic driving force towards the crystal form actually observed by means of the X-ray analysis exists. Figure 9 shows the Hirshfeld surface fingerprint plots of the optimized solid-state centrosymmetric structures listed in Table 4 to be compared with those shown in Figure 3 The present study implies some shortcomings. Our picture of the PYRAC energy landscape is limited, as we focused just on the analysis of a representative series of centrosymmetric polymorphs as possible competitors of the experimental structure. Therefore, we cannot a priori exclude that other non-centrosymmetric structures might exist, possibly able to compete with the Pca21 one. Another limitation is due to the restricted sampling of the conformational space of isolated PYRAC, as different kinds of crystal nuclei might be produced by exploring further stationary structures. More complex scenarios are even possible: for example, interconversion paths could exist among centrosymmetric and non-centrosymmetric synthons (XXi ↔ XYi ↔ YYi, with X,Y=A, B, G, M). 52 Eventually, the solvent might have a role that remains to be explored.
On the other hand, our methodology relies on the knowledge of a spontaneously formed crystal structure and we would almost by sure unable to predict the correct crystal structure of PYRAC from scratch as the approach inherently lacks predictability. Nevertheless, the knowledge of accurate single-crystal X-ray structures and of their experimentally-derived charge densities might become increasingly important as a precious clue for improving the accuracy and reliability of the computational recipes for computer-modelling of crystalline materials.
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PYRAC can form many stable gas-phase adducts, both centrosymmetric and non-centrosymmetric. While the former lead to less stable crystal structures, a strong thermodynamic bias forces the C1 adduct to yield an acentric polar Pca21 crystal.
